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Synchrotron radiation x-ray absorption and emission spectroscopy techniques, complemented by high-
resolution transmission electron microscopy methods and density functional theory calculations are employed
to investigate the effect of Mn in AlxGa1−xN:Mn samples with an Al content up to 100%. The atomic and
electronic structure of Mn is established together with its local environment and valence state. A dilute alloy
without precipitation is obtained for AlxGa1−xN:Mn with Al concentrations up to 82%, and the surfactant role
of Mn in the epitaxial process is confirmed.
PACS numbers: 81.05.Ea, 61.05.cj, 78.70.En, 68.55.Ln
INTRODUCTION
Hetero-structures based on III-nitrides [1] and in particular
on the combination AlxGa1−xN/GaN represent the basis
of a variety of state-of-the-art (opto)electronic devices like
blue and white light-emitting diodes [2], laser diodes [3],
blue lasers [4], high-power- [5], and high-electron-mobility-
transistors [6]. Most of the above mentioned devices are
commercially available and their performance continuously
improved. Furthermore, III-nitrides doped with transition
metals (TM) have also been the focus of considerable research
efforts towards the demonstration of semiconductor spin-
tronic functionalities [7]. In this respect, while a remarkable
number of reports on GaN:Mn provide an overview on the
structural, optical, magnetic and electric properties of this
material system [8–15], little is known about AlxGa1−xN:Mn
[16–19] and related nanostructures [20]. Recent findings
[21] indicate this alloy as particularly interesting for e.g.
the self-assembling of functional multilayers and for having
revealed the decisive role of Mn as surfactant during the
epitaxial growth of AlxGa1−xN:Mn, considerably enhanc-
ing the critical thickness of AlxGa1−xN:Mn on GaN, and
opening new perspectives for the realization of e.g. improved
reflectors in GaN-based laser structures. We report here
on AlxGa1−xN:Mn grown by means of metalorganic vapor
phase epitaxy (MOVPE) in a broad range of Al concen-
trations and extensively investigated via x-ray absorption
spectroscopy (XAS), x-ray emission spectroscopy (XES),
energy-dispersive spectrometry (EDS), x-ray diffraction
(XRD), and high-resolution (HR) transmission electron
microscopy (TEM), supported by density functional theory
(DFT) calculations. The results provide fundamental infor-
mation on the microstructure and local environment in the
layers and on the valence state of Mn incorporated in the
lattice over the whole range of Al concentrations.
EXPERIMENTAL AND THEORETICAL METHODS
The wurtzite (wz) AlxGa1−xN:Mn samples are grown
in an AIXTRON 200RF horizontal-tube MOVPE reactor.
All structures are deposited on c-plane sapphire substrates
with trimethylgallium (TMGa), trimethylaluminum (TMAl),
bis-methylcyclopentadienyl-manganese (MeCp2Mn) and
ammonia (NH3) as precursors for respectively Ga, Al, Mn, N,
and with H2 as carrier gas. The epitaxial process, developed
from a well established procedure [22], consists of: (i)
substrate nitridation; (ii) low temperature (540 ◦C) deposition
of a GaN nucleation layer (NL); (iii) its annealing under NH3;
(iv) growth of a 1 µm device-quality GaN buffer deposited
at 1020 ◦C; (v) AlxGa1−xN:Mn layers at 850 ◦C, with the
same TMGa and MeCp2Mn flow rates and different - over
the sample series - TMAl flow rates ranging from 1 to 80
standard cubic centimeters per minute (sccm). In order to
have real time control over the entire fabrication process,
the MOVPE system is equipped with an in situ Isa Jobin
Yvon ellipsometer that allows for both spectroscopic and
kinetic measurements in the energy range 1.5 eV – 5.5 eV
[23]. The structures are routinely characterized by atomic
force microscopy (AFM), secondary-ion mass spectroscopy
(SIMS) and (magneto)photoluminescence (PL) in order to get
information on the surface roughness, chemical composition
and magnetooptical response, respectively. Measurements of
SQUID magnetometry in the temperature range between 1.5
K and room temperature, confirm the samples to be param-
agnetic. Here, we focus on the effect of Mn incorporation
on the structural arrangement of AlxGa1−xN:Mn and on the
local atomic environment of Mn, with particular attention to
the XRD and HRTEM analysis as essential complement to
the synchrotron XAS and XES measurements. All considered
AlxGa1−xN:Mn samples are listed together with their growth
parameters in Table I. The Mn concentration in all doped
layers is ≈1% cations, as established by SIMS analysis.
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2High resolution XRD measurements are carried out in a
TABLE I. Growth parameters for the AlxGa1−xN:Mn samples pre-
sented in this work. Al concentration x (from XRD); TMGa and
TMAl flow rates and the pressure P in the reactor during the pro-
cess. The MeCp2Mn and NH3 flow rates are fixed at 490 sccm
and 1500 sccm, respectively; the substrate temperature during the
growth of the GaN buffer layer and during the deposition of the
AlxGa1−xN:Mn layer are, respectively, 1020 ◦C and 850 ◦C. The
nominal thickness is obtained from the kinetic ellipsometry spectra
and confirmed by TEM cross-sections.
sample x TMGa TMAl P thickness
% sccm sccm mbar nm
#A 0 1 0 200 500
#B 12 1 1 100 260
#C 20 1 3 100 293
#D 41 1 9 100 377
#E 59 1 27 100 553
#F 71 1 80 100 845
#G 82 1 80 50 780
#H 100 0 80 100 553
PANalytical’s X’Pert PRO Materials Research Diffractometer
(MRD) equipped with a hybrid monochromator (parabolic-
shaped multilayer mirror and a channel-cut Ge crystal) and
a 1/4◦ divergence slit. The diffracted beam is measured with
a solid-state PixCel detector used as 256-channels detector
with a 11.9 mm anti-scatter slit. For the whole series of
AlxGa1−xN:Mn samples, θ-2θ scans are acquired for 2θ
values between 30◦ and 80◦ and complemented with maps of
asymmetric diffraction peaks. These measurements provide
information on the composition and strain state of the films
[24].
Cross-sectional TEM specimen are prepared by mechanical
polishing, dimpling and final ion milling in a Gatan Precision
Ion Polishing System. The samples are studied using both
conventional and scanning transmission electron microscopy
(CTEM/STEM) for bright/dark-field (BF/DF), HRTEM and
high angle annular dark field (HAADF) imaging. The energy
dispersive x-ray spectrometry (EDS) technique is employed
to analyze the chemical distribution of the various elements in
the samples. The measurements reported here are performed
in a FEI Titan Cube 80-300 operating at 300 keV, while a
JEOL 2010F operating at 200 keV is routinely employed for
preliminary characterization of all the grown samples.
The x-ray absorption and emission measurements at the Mn
K-edge (6539 eV) are carried out at the beamline ID26 at
the European Synchrotron Radiation Facility (ESRF). The
incoming x-ray beam, linearly polarized in the horizontal
plane, is produced by three coupled undulators (u35) and
monochromatized using a cryogenically cooled double
Si(111) crystal monochromator. Harmonics rejection and
heat load removal are achieved by using three Si mirrors
at glancing angle of 2.5 mrad. The beam focusing (hori-
zontal and vertical) is performed by means of two Si bent
mirrors. This configuration permits to obtain a beam size
of ≈ (600×100)µm2 (horizontal × vertical) and a flux of
≈1013 ph/s on the sample. The measurements are carried
out in fluorescence mode at room temperature and under
nitrogen flow to avoid depositing ambient impurities on the
samples’ surface. The total fluorescence yield (TFY) spectra
are obtained with a Si photodiode, while the high energy res-
olution fluorescence detected (HERFD) spectra are acquired
with a wavelength dispersive spectrometer equipped with 5
spherically bent crystal analyzers (bending radius of 1 m) and
an avalanche photodiode arranged in a vertical point-to-point
Rowland circle geometry [25]. The HERFD-XAS data are
collected at the maximum of the Kα1 emission line using
Ge(333) analyzers. The XES measurements are performed
at the Kβ core-to-core lines (Kβ′ and Kβ1,3) using Si(440)
analyzers and with the incoming excitation set at 6700 eV. For
these configurations, the total energy resolutions (convolution
of monochromator and spectrometer) are, respectively, ≈1.3
eV and ≈1.0 eV (full-width-at-half-maximum). In addition,
to exploit the natural linear x-ray dichroism (XLD) arising
from the wurtzite hexagonal lattice [26], two geometries
are employed: the vertical grazing incidence (VGI) and
the horizontal grazing incidence (HGI). The grazing angle
fixed at ≈5◦ permits to approximate the two configurations,
respectively, to  ‖ c and  ⊥ c, where  is the polarization
vector and c is the wurtzite c-axis that corresponds to the
sample’s surface normal. The number of acquired spectra
and the integration time per energy point are chosen in order
to reach an edge jump of ≈106 total counts per spectrum on
each specimen. This permits to obtain the same stastistics
for all samples. The HERFD- and TFY-mode spectra are
collected in the near-edge and extended regions (XANES and
EXAFS) for the whole series.
Theoretical calculations are performed to support the analysis
of the experimental XANES and EXAFS data. In order to
simulate the AlxGa1−xN:Mn series, seven wurtzite supercells
(SC), 3a × 3b × 2c (72 atoms), are built using the program
VESTA [27], with Al concentrations corresponding to those
found experimentally, as reported in Table I. The experimen-
tal lattice parameters established from XRD measurements
are employed for the SC, while the wurtzite u parameter is
chosen to the average value of uavg = 0.38 from Ref. [28].
To simulate the Mn incorporation in the AlxGa1−xN lattice
the following defect configurations are taken into account
for one Mn atom as: 1) substitutional of Ga or Al (MnS); 2)
interstitial in the tetrahedral (MnIT) or octrahedral (MnIO)
sites with Wyckoff positions, (2/3, 1/3, u/2) and (0, 0, u/2),
respectively. This corresponds to a Mn concentration of
≈1%.
The lattice parameters and atomic positions of the SC are
additionally relaxed by means of DFT using the QUANTUM-
ESPRESSO package [29]. The first-principles spin-polarized
calculations are performed using a plane-wave basis and
the projector augmented wave (PAW) method [30]. The
exchange correlation energy is described by the Perdew-
Burke-Ernzerhof parametrization within the generalized
3gradient approximation (PBE-GGA) [31]. The Hubbard
correction (DFT-GGA+U framework) is applied to Mn with
U parameter equal to 3.9 eV [32]. The plane-waves cutoff
energy is set at 60 Ry to ensure convergence and the irre-
ducible Brillouin zone is sampled with the Monkhorst-Pack
scheme [33] using a 4×4×4 k-point mesh. For each Al
concentration (x), the formation energies of Mn impurities
substituting Ga or Al (MnGa,Al) in AlxGa1−xN (AlGaN) are
calculated through Ef [MnGa,Al] = E[MnGa,Al] + E[AlGaN] -
µMn + µGa,Al, where E[MnGa,Al] and E[AlGaN] are the total
energies of AlxGa1−xN:Mn and undoped AlxGa1−xN, re-
spectively. µMn and µGa,Al are the atom chemical potentials
obtained from bulk α-Mn, α-Ga and Al.
The Mn K-edge XANES and EXAFS spectra are simulated
within the real-space Green’s function formalism employing
the FDMNES [34] and FEFF9 [35] codes, respectively. The
muffin-tin potentials and the Hedin-Lunqvist approximation
[36] for the exchange-correlation component are used.
The calculations are performed using the DFT-relaxed SC,
rescaled to the experimental lattice parameters as input struc-
tures. The cluster radius for the spectra is set to 10 Å, while
the self-consistent field (SCF) loop is swept within a radius
of 6 Å. For the comparison with the experiment, the XANES
spectra are consequently convoluted with a Lorentzian
function with an energy-dependent arctangent-like width,
Γ(E) [34]. This model correctly accounts for the core-hole
and the photo-electron mean-free-path broadening. The best
agreement with the experimental data is found going from
Γmin = 0.5 eV to Γmax = 4.0 eV. A second convolution with a
Gaussian function of constant width (0.9 eV) is also applied
to take into account the experimental broadening. These
parameters, below the core-hole lifetime, are in line with the
expected sharpening effect due to the high resolution detec-
tion [37]. The EXAFS signal is extracted from the absorption
spectra via the VIPER code [38], using a smoothing spline
algorithm and selecting the edge energy E0 at the maximum
of the derivative peak corresponding to the typical shoulder
after the pre-edge features. The EXAFS quantitative analysis,
that is based on scattering paths expansion, Fourier transform
and least-squares fits, is performed with the IFEFFIT [39, 40]
software. The EXAFS Debye-Waller factors (DWF) for
the multiple scattering paths are modeled as the sum of the
DWF of single scattering paths plus a Debye model with
room temperature (300 K) target and a Debye temperature of
600 K [41]. In both XANES and EXAFS simulations, the
polarization effects [26] are correctly included.
RESULTS AND DISCUSSION
As a first step, we determine the Al content from the strain
analysis on the XRD data. The XRD spectra of the symmet-
ric (004) reflection over the whole series are reported in the
top panel of Fig. 1. In the θ-2θ scans for 2θ values between
30◦ and 80◦ on all considered samples only reflections from
FIG. 1. (Color online) XRD: (top panel) evolution of the GaN
and AlxGa1−xN (004) peak position over the whole series; (bot-
tom panels) maps of the (1015) asymmetric reflection of GaN and
AlxGa1−xN measured for AlxGa1−xN:Mn with 12% and 41% Al,
respectively.
the sapphire substrate (not shown), from the GaN buffer, and
from the AlxGa1−xN layers are detectable, with no indication
of secondary phases. From the position of the AlxGa1−xN
peak it is possible to deduce the AlxGa1−xN c-parameter. In
order to gain insight into the Al content in the films, maps of
the (1015) asymmetric reflection have been acquired for the
whole series and are shown in the bottom panels of Fig. 1
for the films containing 12% and 40% of Al. The strain state
of the AlxGa1−xN layer is deduced from the relative posi-
tion of the (1015) reflection of GaN and AlxGa1−xN, and the
a and c lattice parameters are obtained from the Qx and Qz
coordinates of the AlxGa1−xN (1015) reflection, upon a 2D
Gaussian fit. To extract the Al concentration, we consider a
linear variation of the lattice parameters between GaN and
AlxGa1−xN as a function of the Al concentration according
to the Vegard’s law [42] for the relaxed structures. For the
strained samples, the compressibility of AlxGa1−xN through
the Poisson coefficient is taken into account. It is impor-
tant to remark that in the set of samples studied, the layer
is either fully strained (#A to #C) or fully relaxed (#D to
#H) where the full relaxation is likely to be due to cracks
crossing the layer down to the interface with GaN. The Al
concentrations obtained from XRD – as summarized in Ta-
ble I – are coherent within 1% error with those measured by
EDS. The AlxGa1−xN experimental lattice parameters are re-
ported in Table II. The computed lattice parameters closely
follow the Vegard’s law in accord with previous works based
on full-potential augmented plane wave method calculations
4[43]. Nevertheless, the computed lattice parameters overes-
timate the experimental values by ≈1%. This is explained
by the strong dependence of DFT on the level of theory em-
ployed. For this reason, we force in the DFT-relaxed super-
cells the experimental lattice parameters.
We investigate via DFT also the formation energies upon re-
TABLE II. Lattice parameters and strain state found experimentally
with XRD. The error bar on the last digit is reported in parenthesis.
It corresponds to the error propagation from the full-width-at-half-
maximum (≈2.35 σ) of the fitted two-dimensional Gaussian peak,
that is, ±0.01 and ±0.004 for a and c, respectively.
sample x a c strain
% Å Å state
#A 0 3.18(1) 5.187(4) strained
#B 12 3.18(1) 5.148(4) strained
#C 20 3.18(1) 5.123(4) strained
#D 41 3.16(1) 5.100(4) relaxed
#E 59 3.14(1) 5.063(4) relaxed
#F 71 3.13(1) 5.038(4) relaxed
#G 82 3.12(1) 5.014(4) relaxed
#H 100 3.11(1) 4.980(4) relaxed
laxation for the incorporation of Mn in AlxGa1−xN. First of
all, we study the total energies of the AlxGa1−xN alloy with-
out Mn with respect to atomic-scale composition fluctuations.
This permits to understand whether the alloy behaves locally
as an ordering of GaN and AlN separate unit cells or there is
a random distribution of Al/Ga atoms among the cation posi-
tions in the supercell. For the intermediate Al concentrations
x = 0.25, 0.5, and 0.75, we compare the total energies for
several structures with random position of Al and Ga atoms
in cation sites. This means that, for a given intermediate Al
concentration - that is, for a given number of Al atoms in the
supercell - we randomly change the position of Al/Ga atoms
in cation sites and calculate the total energy of each configu-
ration. We find that the total energies of those configurations
for each Al concentration do not differ by more than 50 meV.
From this result, we conclude that the AlxGa1−xN alloy has
Al and Ga cations in random positions for all concentrations
of the constituents. The second step consists in investigating
the formation energies upon incorporation of Mn at substitu-
tional and interstitial sites. For the substitutional site, we as-
sume that for x ≤ 0.5 Mn substitutes mostly Ga sites, whereas
for x > 0.5 Mn ions replace Al positions. It is found that
MnGaS (x ≤ 0.5) has a constant formation energy of 3.5 eV,
while for MnAlS (x > 0.5) an abrupt increase in the forma-
tion energy to 5.5 eV is obtained. This result indicates that,
in terms of formation energy, Mn tends to substitute Ga atoms
rather than Al ones, challenging the epitaxy of high-quality
AlN:Mn. On the other hand, this does not take into account
the surface energies that play a crucial role during growth. For
the interstitial sites (tetrahedral, MnIT and octahedral, MnIO),
we find always formation energies higher than the one of MnS.
Upon relaxation, MnIO remains at its nominal site, with a for-
mation energy increasing linearly with x, from 6.5 eV (x = 0)
to 9.25 eV (x = 1). On the other hand, MnIT is rather unsta-
ble and tends to move toward MnIO; its formation energy is
≈8.25 eV, regardless of x. These results show that the sub-
stitutional incorporation of Mn in AlxGa1−xN is favored. As
confirmed by the experimental data reported in the following.
According to the TEM micrographs shown in Fig. 2, the
layers are structurally homogeneous for Al concentrations up
to 82%. Moreover, EDS spot sampling and line scans (not
shown) confirm that the layers are chemically homogeneous.
In contrast to the layer-by-layer growth of AlxGa1−xN:Mn up
to Al concentrations as high as 82% shown in Figs. 2(a)–(d),
the columnar structure of the AlN:Mn sample is evidenced
in Fig. 2(e). The AlxGa1−xN:Mn layer with 82% Al is still
structurally coherent with the GaN buffer layer, but at the
boundary between 2D and 3D growth. The homogeneous
structure of the AlxGa1−xN:Mn layers with Al (a) 41%, (b)
59%, (c) 71% and (d) 82% is evidenced by the HRTEM im-
ages taken close to the [1120] zone axis and reported in Fig. 3.
According to a Fast Fourier Transform (FFT) analysis, there is
no compositional ordering or modulation of the Al concentra-
tion, in contrast to what reported previously for AlxGa1−xN
layers without Mn [44]. In the HRTEM image of Fig. 3(e)
the boundary between two columnar structures in the AlN:Mn
layer is reported. Here, the arrow a indicates a gap between
the two columns, while arrow b points to planar defects in the
basal plane formed in the AlN:Mn layer.
Having established the lattice parameters (long-range struc-
ture), strain state and Al concentration with XRD, and the mi-
crostructure of the layers by means of TEM, we apply XAS
and XES to probe the local atomic and electronic structure
around Mn impurities. The approach employed here fol-
lows a well established method applied in previous studies
of GaN:Mn [12, 45], GaN:Mn,Mg [46] and related systems
as ZnO:Mn [47] and GaN:Sc [48]. Supported by the com-
plementary spectroscopic techniques EXAFS, XANES, XLD
and XES, we demonstrate that at least 90% of the Mn atoms
incorporate into the AlxGa1−xN lattice as random substitu-
tional impurities at the cation site (MnS) with a local spin mo-
ment S=2 in all the samples containing up to 82% of Al.
The EXAFS technique is a well established powerful tool
for the local structure characterization of doped semiconduc-
tors [49, 50]. The system under study is very challenging for
the conventional Fourier transform (FT) quantitative analy-
sis of the EXAFS data. In fact, not only the lattice is dis-
torted locally by the introduction of the Mn dopant (similarly
to e.g. GaN:Mn or AlN:Mn), but also the alloying effect due to
the ternary compound AlxGa1−xN, strongly affects the result-
ing spectra that represent an average pair distribution function
around the Mn atoms. As shown in Fig. 4, there is an evo-
lution of the EXAFS signal with the Al concentration. The
main changes are visible in the k-region [2.5–9.5] Å−1 which
is especially sensitive to the Mn next nearest neighbors av-
erage configuration. In particular, the evolution of the spec-
tral features at ≈4 Å−1 and at ≈6 Å−1 may be understood by
taking into account the destructive interference of the out-of-
5FIG. 2. TEM micrographs of AlxGa1−xN:Mn layers with (a) 41%, (b) 59%, (c) 71%, (d) 82% and (e) 100% (samples #D, #E, #F, #G and #H
in Table I).
FIG. 3. HRTEM images of AlxGa1−xN:Mn layers (a) 41%, (b) 59%, (c) 71%, (d) 82% and (e) 100% (samples #D, #E, #F, #G and #H in
Table I).
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FIG. 4. (Color online) Amplitude of the Fourier transform (FT) of
the k2-weighted EXAFS signal, χ(k), - shown in the inset - for all
the samples (identified by Al %), collected in VGI geometry. The
FT is performed using an Hanning window (dk = 1) in the k-range
[2.5–9.5] Å−1. The three vertical dashed lines show the nominal po-
sition of the Mn-N, Mn-Al and Mn-Ga next nearest neighbors bond
distances in R-space (without phase correction, that is, the shown R
scale does not correspond to the absolute bond distances).
phase Mn-Ga and Mn-Al scattering paths in the cation-cation
coordination shells. This effect is evidenced by taking the
amplitude of the FT in the range of interest. The first peak,
which represents the Mn-N bond distance, is substantially
constant up to 82% Al. The second and third main peaks,
corresponding to Mn-Al and Mn-Ga coordination shells, re-
spectively, show a continuous evolution with increasing Al
concentration. In a simple qualitative analysis and in first ap-
proximation, the intensity and position of these peaks can be
ascribed to the coordination number and average bond dis-
tance of the corresponding scattering paths, respectively. The
fact that the Mn-N peak is constant up to 82% Al points to
a MnS well ordered defect, while the reduction (increase) in
amplitude of the Mn-Ga (Mn-Al) peak is related to the alloy-
ing effect and permits to quantify the local Al concentration
and bond distances. Moreover, the strong overall amplitude
reduction for the AlN:Mn sample (100% Al) is the hint of a
locally disordered environment and is in line with the disor-
dered micro/nano-structure previously revealed by TEM mea-
surements.
A quantitative analysis via a least-squares fit of the EXAFS
data is then performed. Due to the complexity of the sys-
tem under investigation and in order to keep the correlation
between the fitted variables as low as possible, a model with
a minimum set of parameters to describe the whole Al con-
centration range is found. This corresponds to the best fitting
model and consists of a MnS defect in AlxGa1−xN expanded
in three sets of single scattering paths: Mn-N, Mn-Al and Mn-
Ga, corresponding to the first three coordination shells. For
each sample, the fit is performed in R-space, limited to the
[1–3.5] Å range. Both VGI and HGI data sets (weighted by
the noise level) are included in a single fit in order to correctly
account for the polarization effects. This permits to report the
average bond distances for the out-of-plane (VGI, parallel to
c) and in-plane (HGI, perpendicular to c) atomic configura-
tions. The results are shown in Table III and in Supplemen-
tary Fig. S1. The model is built as follows: the passive elec-
6TABLE III. Results of the EXAFS quantitative analysis.
sample xN xAl σ2 RMn−N RMn−Al RMn−Ga
VGI HGI VGI HGI VGI HGI
% % 10−3 Å−2 Å Å Å Å Å Å
#A 89(9) 0 4(2) 1.99(1) 1.96(1) - - 3.18(1) 3.18(1)
#B 80(13) 10(8) 4(2) 1.97(1) 1.95(1) 3.17(1) 3.18(1) 3.17(1) 3.17(1)
#C 73(10) 12(8) 4(2) 1.96(1) 1.94(1) 3.16(1) 3.18(1) 3.16(1) 3.16(1)
#D 85(14) 35(8) 8(3) 1.97(2) 1.95(2) 3.21(4) 3.23(5) 3.19(5) 3.19(5)
#E 85(16) 54(10) 6(3) 1.95(2) 1.94(2) 3.15(5) 3.18(5) 3.15(1) 3.15(7)
#F 77(18) 67(9) 7(3) 1.95(1) 1.94(1) 3.14(2) 3.17(3) 3.13(3) 3.13(3)
#G 74(18) 76(12) 7(4) 1.96(1) 1.95(1) 3.12(2) 3.15(3) 3.13(3) 3.13(5)
#H 63(9) 100 9(3) 1.98(1) 1.98(1) 3.09(1) 3.14(1) - -
tron reduction factor [51], S20 , is fixed to the calculated value
of 0.935; the coordination numbers for Mn-N and Mn-Al are
fitted, respectively, via the variables xN and xAl, while the co-
ordination number of the second cation shell is constrained to
sum to 12; a common Debye-Waller factor, which accounts
for both the structural and thermal disorder, is fitted to σ2
for all single scattering paths; three variables are employed
for the Mn-N, Mn-Al and Mn-Ga average distances, RMn−N,
RMn−Al and RMn−Ga, respectively, with a common expan-
sion/contraction factor in the two orthogonal directions (VGI
and HGI); a common variable is fitted also for the shift of the
edge energy, ∆E0. This model permits to keep the numerical
correlation between the variables below a 50% level. The R-
factor of the fits ranges from 0.009 to 0.04, affecting the prop-
agated error bars, as reported in Table III. Several additional
fitting models have been tested, either increasing the number
of fitted variables or introducing additional scattering paths
from other defects, as Mn interstitials (MnIO and MnIT). In
all cases those models do not pass a F-test [52, 53], meaning
that the improvement in the fit quality is not statistically rele-
vant.
The EXAFS quantitative analysis indicates that the majority
of Mn atoms is in a MnS configuration. On the other hand,
the fitted percentage of xN does not correspond exactly to the
percentage of MnS in the samples. In fact, the absolute value
of this variable, which represents the coordination of the first
coordination shell (Mn-4N tetrahedron), is affected by the nu-
merical correlation with σ2 and by the presence of nitrogen
vacancies, as found in similar samples [54]. For this reason,
we rely on the results of the XLD analysis, which is much
more sensitive to the symmetry of the crystal, for determin-
ing the level of MnS in the samples. Nevertheless, a strong
k-independent amplitude reduction of the EXAFS signal is
obtained for the AlN:Mn sample (#H). As shown by the TEM
micrographs, this sample has a columnar structure, thus the
amplitude reduction is attributed to an increased local disor-
der, as it was demonstrated by EXAFS simulations combined
with molecular dynamics calculations for Mn nano-columns
in Ge:Mn [55]. The second percentage parameter,xAl, is ex-
tracted from the fitted coordination number of the second co-
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FIG. 5. (Color online) Results of the EXAFS quantitative analysis
for xAl, RMn−N, RMn−Al and RMn−Ga variables (as reported in
Table III). The horizontal lines are the corresponding average bond
distances for GaN (dashed) and AlN (dotted).
ordination shell, keeping the constraint of 12 total neighbors
(Ga/Al) dictated by the wurtzite structure. The results follow
a linear dependence and match, within the error bars, with the
Al concentration found by XRD. Furthermore, it is found that
the average Mn-N bond distance is larger than those of Ga-N
or Al-N and is not affected by the Al doping, while Mn-Al and
Mn-Ga show a contraction going from GaN:Mn to AlN:Mn,
as expected by the reduction of the lattice parameters. This
implies that the lattice distortion introduced by the Mn incor-
poration is local and mainly limited to the first coordination
shell.
In order to further confirm the local structural description
obtained via EXAFS analysis, the XANES region is inves-
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FIG. 6. (Color online) Normalized Kα1 HERFD-XANES spectra
(bottom) for the AlxGa1−xN:Mn series with the corresponding sim-
ulations (top) for HGI (left panel) and VGI (right panel) geometries.
The vertical dashed lines are guides to the eye of the main spectral
features.
tigated through ab initio simulations. In Fig. 6 the normal-
ized Kα1 HERFD-XANES spectra are shown together with
their relative simulations (using the FDMNES [34] code) for
the HGI and VGI geometries. The HERFD-XANES spectra
correspond to a diagonal cut in the 2D resonant inelastic x-
ray scattering (RIXS) plane [37] and can be approximated to
a standard XANES spectra only in the region above the main
absorption edge, where the spectral features arise from elec-
tric dipole transitions from 1s to 4p empty states of the absorb-
ing atoms (Mn). On a first order approximation, this energy
range can be described by multiple scattering theory employ-
ing simple muffin-tin potentials [56] within a one-electron ap-
proach, i.e. the level of theory employed for the simulated
spectra shown in this study. The spectral features present in
the pre-edge region of the HERFD-XANES spectra cannot
be fully described by the level of theory employed here and
a quantitative analysis requires to account for the full RIXS
plane, not only for line cuts [37]. Nevertheless, the presence
of an intense pre-edge peak in the K-edge XAS spectra of 3d
transition metals is the fingerprint of tetrahedral (TD) sym-
metry [57, 58], due to allowed electric dipole transitions to
the p-character of the t2 spin-polarized 3d states. The spec-
tral features present in the XANES region do not correlate
straightforward with a given coordination shell or scattering
species, but are the result of full multiple scattering configu-
rations. This induces an enhanced sensitivity to the geome-
try around the absorber. On the other hand, this also makes
challenging to quantitatively model the XANES via ab initio
methods. As shown in Fig. 6, all the spectral features and the
trend with increasing Al concentration are reproduced by the
simulations using a substitutional model based on the DFT-
relaxed supercells, rescaled to the experimental lattice param-
eters. To better evaluate the quality of each simulation, the
supplementary Figs. S2 and S3 show the comparison with ex-
perimental spectra for the nominal Wyckoff sites and the DFT-
relaxed positions. The defects investigated are MnS, MnIT
and MnIO in AlxGa1−xN. In order to get more quantitative
results, a linear combination fit (LCF) analysis of the XANES
spectra is performed. The constraints imposed are: the pres-
ence of the MnS phase; the number of components is limited
to two (one substitutional and one interstitial); an energy shift
for the interstitial phase is allowed (fitted). All combinations
among the four interstitial cells are performed and the fits are
ranked by χ2. In all samples/geometries it is found that the
MnS phase is >80% and the complementary phase is the non
relaxed MnIT defect. On the other hand, the χ2 values of the
best fits do not pass a statistical test (F-test), meaning that the
increase in the fit quality is not relevant. This confirms what
previously found by EXAFS and the formation energies re-
sults of the DFT, that is, that MnIT defect in AlxGa1−xN is
not stable and has a high formation energy.
A more quantitative analysis to establish the percentage of Mn
atoms incorporating as substitutional defects in the host ma-
trix, is obtained by studying the XLD spectra. It is established
that XLD is extremely sensitive to the symmetry of non-cubic
sites [26] and it was shown to be a powerful tool to deter-
mine the quality of substutional inclusions in dilute magnetic
semiconductors [59]. The XLD spectra for the studied sam-
ples are reported in Fig. 7 and are obtained from the differ-
ence between the HERFD-XANES spectra in VGI and HGI
geometries. The amplitude of the XLD main oscillation at
the edge position highlighted in Fig. 7 is taken as a figure of
merit for MnS. In fact, the maximum XLD amplitude would
be obtained for 100% MnS dilute in a perfect AlxGa1−xN lat-
tice. The MnIT interstitial shows a XLD signal too, however
it is not in phase with the MnS XLD signal and the result-
ing XLD amplitude in the region of interest is reduced. As
a reference for the 100% case, we arbitrarily rescale the ex-
perimental XLD amplitudes to the XLD amplitude at the Ga
K-edge of a GaN:Mn layer from Ref. [60]. The results are re-
ported in the inset to Fig. 7. The increasing values of the MnS
percentage for Al ≤82% are due to the accuracy of the nor-
malization procedure employed. In fact, a more accurate pro-
cedure would require to rescale the Mn K-edge XLD ampli-
tudes to the Ga K-edge (or Al K-edge) XLD amplitude mea-
sured for each sample in the same experimental conditions.
On the other hand, the systematic errors are estimated to be
within a ±10% bandwidth. The dramatically low MnS value
for AlN:Mn can be safely attributed to an actual reduction of
MnS in this sample.
As final point we discuss the Mn valence state inferred from
the integral of the absolute difference of the Kβ XES data
(integrated absolute difference – IAD analysis [37]). This
method is preferred over the one employing the position of
the main absorption edge for the possibility it gives to quan-
titatively follow the evolution of the effective spin moment
on Mn (Seff ) as a function of a given parameter and to di-
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FIG. 7. (Color online) XLD signal for the AlxGa1−xN:Mn series.
The amplitude in the highlighted region is taken as a figure of merit
for MnS. Inset: quantitative analysis of the results.
rectly compare the results with DFT calculations [37]. The
total magnetic moment per unit cell calculated with DFT is in
all cases 4µB and corresponds to Seff ≈ 2.0, as found in the
frame of a Bader partitioning scheme [37]. This result is con-
firmed experimentally, as reported in Fig. 8. The Mn valence
state is constant within the error bar for the whole series, with
the exception of the AlN:Mn sample, as expected and support-
ing all previous results.
CONCLUSIONS AND OUTLOOK
We have carried out an extensive study of epitaxial
AlxGa1−xN:Mn on a series of samples with Al concentration
up to 100%. By XRD we have found that the Al content in
the layers matches – over the sample series – the one expected
from growth conditions. The lattice parameters as a function
of the Al concentration are also obtained by XRD. The DFT
computations on the formation energy for the incorporation
of Al in a GaN matrix let us to conclude that Al and Ga are
randomly distributed into the lattice, and in AlxGa1−xN:Mn
the Mn ions have the tendency to preferentially substitute for
Ga. The formation of Mn interstitial defects is not favored.
A coherent growth without local aggregation or precipitation
is obtained for AlxGa1−xN:Mn with Al concentrations up to
82%, confirming the surfactant role of Mn already reported
[21]. Synchrotron radiation XAS has been employed to probe
the local atomic and electronic structure of Mn. From EX-
AFS, XANES and XLD it is found that the majority of the Mn
ions is dilute, i.e. homogeneously distributed over the doped
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FIG. 8. (Color online) Mn Kβ XES data over the whole series of
samples. Inset: relative IAD analysis. The vertical dashed line is a
guide to the eye.
layers. An IAD analysis of the XES data allows to determine
the valence state of Mn as constant up to an Al concentration
of 82%. Due to the reduced lattice parameters with respect
to e.g. GaN:Mn, enhanced hybridization of the orbitals can
be expected in AlxGa1−xN:Mn, making it a material system
worth to be investigated in view of spintronic functionalities.
Moreover, this work paves the way to the understanding and
control of the role played by Mn in particular and transition
metals in general on the structure and properties of the alloys
AlxGa1−xN:TM. Significantly, the incorporation of Mn
has been found to promote the growth of AlxGa1−xN on
GaN, to defer the relaxation of the layers and to increase
the critical thickness also for Al concentrations up to 82%,
with remarkable potential effects on the fabrication of e.g.
distributed Bragg mirrors for III-nitride-based optoelectronic
devices.
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Supplemental Information
EXAFS
In the plots of Fig. S1, the quality of the fits performed on
the EXAFS data for both VGI and HGI geometries is reported.
XANES
The quality of the simulated XANES spectra for MnS is
shown in Fig. S2, while the quality of the simulated XANES
for the MnIT and MnIO interstitials in AlxGa1−xN is given in
Fig. S3.
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FIG. S1. (Color online) EXAFS fits for all samples.
S3
6540 6560 6580 6600 6620
Energy (eV)
N
or
m
.
ab
so
rp
tio
n
(a
.
u.
)
MnS (HGI)
Exp 0%
Sim 0%
Exp 41%
Sim 50%
Exp 100%
Sim 100%
6540 6560 6580 6600 6620
Energy (eV)
MnS (VGI)
Exp 0%
Sim 0%
Exp 41%
Sim 50%
Exp 100%
Sim 100%
6540 6560 6580 6600 6620
Energy (eV)
N
or
m
.
ab
so
rp
tio
n
(a
.
u.
)
MnSrelaxed (HGI)
Exp 0%
Sim 0%
Exp 41%
Sim 50%
Exp 100%
Sim 100%
6540 6560 6580 6600 6620
Energy (eV)
MnSrelaxed (VGI)
Exp 0%
Sim 0%
Exp 41%
Sim 50%
Exp 100%
Sim 100%
FIG. S2. (Color online) Simulated XANES spectra in HGI and VGI geometries: for MnS substitutional for nominal and DFT-relaxed super-
cells. For clarity, only three representative Al compositions are shown in the plots: 0% (0%), 41% (50%) and 100% (100%) from experiment
(simulation).
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FIG. S3. (Color online) Simulated XANES spectra in HGI and VGI geometries: for MnIT and MnIO interstitials for nominal and DFT-relaxed
supercells. For clarity, only three representative Al compositions are shown in the plots: 0% (0%), 41% (50%) and 100% (100%) from
experiment (simulation).
